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The minichromosome maintenance (MCM) proteins,
members of the AAA+ (ATPase associated with
diverse cellular activities) superfamily, are believed
to constitute the replicative helicase in eukaryotic
and archaeal species. Here, we present the 1.9 A˚
resolution crystal structure of a monomeric MCM
homolog from Methanopyrus kandleri, the first crys-
tallographic structure of a full-length MCM. We also
present an 18 A˚ cryo-electron microscopy recon-
struction of the hexameric MCM from Methanother-
mobacter thermautotrophicus, and fit the atomic
resolution crystal structure into the reconstruction
in order to generate an atomic model for the oligo-
meric assembly. These structural data reveal
a distinct active site topology consisting of a unique
arrangement of critical determinants. The structures
also provide a molecular framework for under-
standing the functional contributions of trans-acting
elements that facilitate intersubunit crosstalk in
response to DNA binding and ATP hydrolysis.
INTRODUCTION
The MCM complex is a key subunit of the molecular complex
that assembles at the origins of replication before the onset of
DNA replication in eukaryotic cells, and is thought to constitute
the replicative helicase (Bell and Dutta, 2002). To date, all
archaeal species whose genomes have been fully sequenced
contain at least one homolog of the MCM helicase (Kelman
and White, 2005). The amino acid sequences of the archaeal
MCM proteins contain all the conserved motifs found in their
eukaryotic counterparts (Kelman et al., 1999; Carpentieri et al.,Structure 17, 2112002; Grainge et al., 2003; McGeoch et al., 2005; Haugland
et al., 2006). The M. thermoautotrophicus (Mth) MCM is shown
to possess a 30/50 DNA helicase activity (Kelman et al., 1999)
and gel filtration analysis shows that MthMCM oligomerizes to
form a ring-shaped double hexamer (Kelman et al., 1999; Chong
et al., 2000). The MCM proteins of S. solfataricus (Sso) and
A. fulgidus (Afu) are estimated by gel filtration analysis to exist
as single hexamers (Carpentieri et al., 2002; Grainge et al.,
2003) and a hexameric form of SsoMCM has been shown to
bind DNA substrates. SsoMCM shows little helicase activity on
partial duplexes, but activity is stimulated 20-fold in the presence
of the Sso single-stranded DNA binding protein (Carpentieri
et al., 2002). AfuMCM shows robust 30/50 DNA helicase activity
and demonstrates processivity to displace over 200 base pairs
of duplex DNA (Grainge et al., 2003).
Full-length eukaryotic and archaeal MCM homologs can be
delineated into distinct regions consisting of an amino-terminal
domain and a catalytic carboxy-terminal region that harbors an
ATP-binding site (Tye, 1999). The 3.1 A˚ resolution crystal
structure of the amino-terminal oligomerization domain of M.
thermautotrophicusMCM (MthMCM) reveals a double-hexame-
ric architecture with a channel running through the center of the
assembly (Fletcher et al., 2003) and many of the structural
features are recapitulated in the 2.8 A˚ resolution structure of
the S. solfataricusMCM (SsoMCM) amino-terminal domain hex-
amer (Liu et al., 2008). Each monomer consists of three domains
(A, B, C) with the helical A domain, a B domain composed of
antiparallel b strands that engage a single zinc ion, and a C
domain that bears the structural determinants of an oligonucleo-
tide/oligosaccharide binding (OB) fold (Murzin, 1993). The OB
fold harbored in domain C is noncanonical and contains a long
b-hairpin extending from the core OB fold that engages in inter-
subunit contacts and is thought to mediate hexamerization
(Kasiviswanathan et al., 2004). This b-hairpin within the C domain
projects into the central channel of the hexamer where it is likely
to engage DNA (Fletcher et al., 2003; Liu et al., 2008).–222, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 211
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Crystal Structure of an MCM HomologThe carboxy-terminal catalytic region of MCM contains an
AAA+ module (Erzberger and Berger, 2006; Enemark and
Joshua-Tor, 2008). The active site of AAA+ proteins is character-
ized by distinct signature sequences, including theWalker A and
Walker B motifs (Iyer et al., 2004). Crystallographic studies of
homo- and hetero-oligomeric AAA+ ATPases identify two addi-
tional elements, termed sensor I and sensor II, which interact
with the nucleotide (Guenther et al., 1997; Gai et al., 2004;
Enemark and Joshua-Tor, 2006), and are shown to play crucial
functions in nucleotide binding and hydrolysis in a variety of
AAA+ systems, including the eukaryotic MCM 2-7 assembly
(Davey et al., 2003; Bowers et al., 2004; Ogura et al., 2004).
Oligomerization of AAA+ family members is a requisite for the
formation of a catalytically competent active site and, upon olig-
omerization, an arginine residue from one subunit protrudes into
an adjacent subunit to complete the assembly of an active site
functional in ATP hydrolysis (Ogura et al., 2004). Intersubunit
crosstalk is mediated in part by these arginine fingers that
function in trans, and this arrangement allows the coupling of
nucleotide hydrolysis at the intersubunit interface with the reor-
ganization of the assembly structure.
Proteins that harbor AAA+ modules have been classified into
distinct clades based on structural features that are conserved
among their constituent members (Iyer et al., 2004; Erzberger
and Berger, 2006; Enemark and Joshua-Tor, 2008). The MCM
AAA+ is assigned to a clade that includes the BchI subunit of
Mg2+ chelatase, the transporters midasin and dynein, and the
MoxR chaperones (Erzberger and Berger, 2006). The crystal
structure of BchI reveals an atypical arrangement for the
carboxy-terminal helical region that normally harbors the cis-
acting sensor II in other AAA+ modules (Fodje et al., 2001).
Modeling studies based on the BchI monomer structure
suggests that oligomerization of this clade of AAA+ modules
would position sensor II elements into the composite active
site as a trans-acting element, and complementation studies
support that sensor II of BchI acts as a trans site (Hansson
et al., 2002). Recent biochemical studies on the S. solfataricus
MCMdemonstrate that theMCMsensor II also functions in trans,
confirming a common topology between BchI and MCMs
(Moreau et al., 2007). These biochemical studies of SsoMCM
further identify additional trans-residues on the MCM oligomeric
assembly, and suggest mechanistic similarities to the viral
superfamily III helicases such as the large T antigen from SV40
and E1 from papillomavirus (Moreau et al., 2007).
Current structural data on MCM family members is limited to
the crystal structures of the N-terminal domains of MthMCM
(Fletcher et al., 2003) and SsoMCM (Liu et al., 2008) (roughly
consisting of the amino-terminal 250 residues) and low-
resolution three-dimensional reconstructions of the full-length
MthMCM, based on electron microscopy (EM) data (Pape
et al., 2003; Gomez-Llorente et al., 2005; Costa et al., 2006a,
2008). Here, we present the 1.9 A˚ resolution structure of an
inactive, monomeric full-length archaeal MCM homolog from
Methanopyrus kandleri that contains almost all of the secondary
structural elements conserved among the functional archaeal
and eukaryotic counterparts. We also present an 18 A˚ cryo-
EM reconstruction of the full-length MthMCM hexamer, which
has been refined by imposing six-fold symmetry constraints.
We derive an atomic model of the MCM hexameric assembly212 Structure 17, 211–222, February 13, 2009 ª2009 Elsevier Ltd Aby aligning the monomeric full-length polypeptide onto the
structure of the MthMCM hexamerization domain, and confirm
the validity of this model by fitting this hexameric assembly
into the cryo-EM reconstruction.
Our structural data complement the existent biochemical
studies on the distinctive topology of the MCM AAA+ active
site and provide insights into the roles that various structural
motifs play in coupling ATP-binding and hydrolysis to subunit
rearrangements by the MCM helicases. In addition, these data
provide a framework for understanding the contributions of
trans-acting elements that facilitate intersubunit crosstalk in
response to DNA binding and ATP hydrolysis.
RESULTS AND DISCUSSION
Overall Structure
Multiple sequence alignments between the individual subunits of
eukaryotic MCM heterohexamer and their archaeal counterparts
show a high degree of conservation of important secondary
structural elements and suggest that archaeal MCMs represent
a practical model for the more complex eukaryotic counterparts
(Figure 1). Of the two dozen constructs of various archaeal MCM
homologs screened (including those from A. fulgidus, A. pernix,
M. acetivorans, andM. kandleri), the second MCM gene product
from the thermophile M. kandleri (MkaMCM2) yielded crystals
suitable for diffraction studies. Because the sequence of
MkaMCM2 lacks the amino-terminal zinc ligand residues and
harbors noncanonical residues at some positions of the AAA+
active site, recombinant MkaMCM2 is monomeric in solution
and does not exhibit helicase activity. The structure of
MkaMCM2 was solved by single isomorphous replacement
using a mercurial derivative (an electron density map derived
from experimental phases is shown in Figure S5, available online)
and refined against native data to crystallographic Rwork and
Rfree values of 21.2% and 25.0%, respectively. The quality of
the final model was assessed by Ramachandran analysis, with
91.2% of the residues falling within the most favorable regions
and the remaining 8.8% in the allowed regions. The atomic coor-
dinates have been deposited in the Protein Data Bank (PDB) with
the accession code 3F8T.
The structure of full-length MkaMCM2 reveals a tripartite
architecture (Figure 2A). The amino terminal residues from Arg-
18 to Asp-91 consist of a nearly all-helical domain with a single
b strand (b1 consisting of residues Gly-52 through Arg-60)
bridging helices a3 and a4. The secondary structure elements
have been numbered for consistency with the structure of the
MthMCM amino-terminal domain (Fletcher et al., 2003).
A second b strand (b2 consisting of residues Val-92 through
Leu-101) bridges the amino-terminal helical domain to a middle
domain (residues Arg-104 through Asp-181) composed entirely
of b sheets with a characteristic OB fold (Murzin, 1993). A linker
consisting of Pro-182 through Pro-188 connects the OB fold to
the carboxy terminal AAA+module. Extensive hydrogen bonding
and van der Waals interactions between this linker and both the
OB fold and the AAA+ module hold the two independent
domains together as a single, relatively rigid structural unit. Addi-
tionally, the base of the first b strand in the OB fold (b4 consisting
of residues Ala-117 through Ala-131) interacts with a b-turn from
the AAA+ module, composed of strands b13 and b14, to formll rights reserved
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Crystal Structure of an MCM HomologFigure 1. Multiple Sequence Alignments of Archaeal and Eukaryotic MCM
Structure-basedmultiple sequence alignment ofMethanopyrus kandleriMCM2 (GenBank accession code 20094556),Methanopyrus kandleriMCM1 (20094401),
Methanothermobacter thermautotrophicus str. Delta HMCM (15679758), Sulfolobus solfataricusMCM (6015702), Homo sapiensMCM4 (33469919), and MCM2
(33356547). Strictly conserved, highly conserved, and semiconserved residues are colored in magenta, yellow, and cyan, respectively. Secondary structure
elements are derived from the structure of MkaMCM2, and dashed lines represent disordered regions. Sequence motifs that are characteristic of MCM proteins
are denoted below the aligned sequences. Residues that are deleted in theMkaMCM2 sequence or have not beenmodeled in the structure are drawn as thin line.
Secondary-structure elements within the amino-terminal domain are named based on the notation of Fletcher et al., 2003.a continuous stretch of antiparallel b sheets that further joins the
OB fold and AAA+ module. The residues that link Val-379
through Pro-394 are not well defined and this region has not
been modeled in our structure. The location of these residues
corresponds to a proteolytically sensitive site in S. solfataricus
MCM (Pucci et al., 2007), suggesting that this stretch is exposed
in MCM homologs from other archaeal species.
Although structure-based searches failed to recognize any
candidates with an overall fold similar to that of full-length
MkaMCM2, related structures could be identified for each of
the individual domains. Not surprisingly, a Dali search (Holm
and Sander, 1993) against the PDB identifies the amino-terminal
helical/OB fold domain to show significant structural similarity
(Z score = 13.0) with the structure of the amino-terminal hexame-
rization domains ofM. thermautotrophicusMCM (Fletcher et al.,
2003) and S. solfataricus MCM (Liu et al., 2008). A structure-
based alignment of the A, B, and C domains with a deletion of
all loops yields a root mean square deviation (rmsd) of 2.3 A˚Structure 17, 211between MthMCM and MkaMCM2. Despite the low sequence
conservation (18%) between the two polypeptides, this struc-
tural similarity is not unexpected given that the residues that
constitute the core of the amino-terminal domain are conserved
in all MCMs, further supporting the notion that all archaeal and
eukaryotic MCMs will likely share a common architecture
(Fletcher et al., 2003; Liu et al., 2008).
Structural homology can also be detected between the
carboxy-terminal domain of MkaMCM2 and other proteins that
contain AAA+ modules. The most notable structural homolog
is the BchI subunit of theMg-chelatase fromR. capsulatus (Fodje
et al., 2001) (Z score = 17.0; 229main chain residues aligned with
an RMSD of 3.4 A˚), and the S. typhimurium s 54-dependent
activator ZraR (Sallai and Tucker, 2005) (Z score = 8.5; 149
main chain residues aligned with an RMSD of 3.3 A˚), confirming
earlier phylogenetic analysis that groups these polypeptides into
a distinct clade of AAA+ family (Iyer et al., 2004). Members of this
clade are distinguished by two characteristic b-hairpin insertions–222, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 213
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Crystal Structure of an MCM Homologinto the AAA+ core. The first insertion is a b-hairpin located
between sensor I and the preceding helix (PS1BH) that projects
from the AAA+ core in an orientation that is conserved within all
members that have this feature (b-17 and b-18 encompassing
residues Gly-327 through Asn-337 in MkaMCM2) (Figures 2A
and 2B). The integrity of this b-hairpin has been shown to be
critical for ATP-dependent translocation of both bovine papillo-
mavirus replicative helicase E1 (Liu et al., 2007) and archaeal
MCMs on a DNA substrate (Barry et al., 2007; Sakakibara
et al., 2008). This PS1BH insertion defines a superclade of
AAA+ ATPases, which includes the superfamily III viral helicases.
In crystal structures of viral superfamily III helicases, the PS1BH
protrudes into the central substrate-binding channel, is critical
for helicase activity and is shown to move during ATP binding
and hydrolysis (Gai et al., 2004; Enemark and Joshua-Tor, 2006).
A second b-hairpin (H2 insertion) occurs in the helix (a-9/a-10)
that separates the Walker A and B, consists of b-13 and b-14,
and encompasses residues Thr-280 through Gly-294 in
MkaMCM2 (Figures 2A and 2B). This insertion is not found in
Figure 2. Structure of the Full-Length
M. kandleri MCM2 Monomer
(A) Ribbon diagram of the overall structure of full-
length MkaMCM2 illustrating the structural
domains. The amino-terminal helical domain (light
blue), OB fold domain (pink), and the carboxy-
terminal AAA+ ATPase module (red) are shown,
with the two b-hairpins of the AAA+ module high-
lighted in yellow and green. The PS1BH and H2
insert define a distinct clade of AAA+ domains
that include the MCM proteins. Note that the
secondary structure elements are numbered for
consistency with the structure of the MthMCM
amino-terminal domain. The nonsequential
numbering of the strands in the OB-fold domain
reflects the fact that the zinc-binding extension is
deleted in the sequence of MkaMCM2.
(B) Close-up view of the b-hairpins that are thought
to respond to DNA binding and nucleotide hydro-
lysis. Note that the H2 insert is positioned adjacent
to b strands b4 and b7 in the OB-fold domain.
These strands form the base of the zinc-binding
module (domain B) found in MthMCM. Interaction
between these b strands of the OB fold and the
PS1BH and H2 insertions provides a mean of
cross-talk between the catalytic AAA+ module
and the amino-terminal domain. The position of
a highly conserved tryptophan residue (Trp-363
in MkaMCM2) that has been shown to respond
to ATPase and helicase activities (Jenkinson and
Chong, 2006) is situated in the H2 b-hairpin insert.
superfamily III helicases, and distin-
guishes the clade comprising MCM and
BchI within the PS1BH superclade. Fluo-
rescence experiments suggest that the
H2 insertion is poised to interact with
the PS1BH insertion. In particular, the
intrinsic fluorescence of a tryptophan
residue, located on the H2 insertion
(Trp-363 in MthMCM, equivalent to Trp-
289 in MkaMCM2), changes in response
to the binding of nucleotide and DNA substrates, suggesting
a movement of the H2 insertion upon DNA loading (Jenkinson
and Chong, 2006). In the structure of MkaMCM2 the H2 insertion
protrudes from the AAA+ core and is situated adjacent to the
PS1BH insertion, where mutual interaction between these b-
hairpin insertions in response to nucleotide hydrolysis might
trigger their movement toward the central channel to facilitate
the binding of DNA substrates, consistent with electron density
visualized in this cavity by EM (Gomez-Llorente et al., 2005;
Costa et al., 2006a).
Structure-based sequence analysis further differentiates the
AAA+ modules of the MCM and BchI from other members that
bear the H2 insertion. The crystal structure of BchI reveals the
insertion of an additional a helix (pre-sensor II helix) into the
conserved ATPase core (Fodje et al., 2001), and bioinformatics
analysis support a similar pre-sensor II helix in the sequence of
eukaryotic and archaeal MCMs (Iyer et al., 2004; Erzberger and
Berger, 2006). The stretch of residues that harbors this pre-
sensor II helix is situated between a disordered segment214 Structure 17, 211–222, February 13, 2009 ª2009 Elsevier Ltd All rights reserved
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Crystal Structure of an MCM Homologencompassing Val-379 through Pro-394 and has not been
modeled in our structure. Nonetheless, this a-helical insertion
results in the reorganization of sensor II and is shown to influence
the nature of the interactions of sensor II within the oligomeric
assembly (Moreau et al., 2007).
In the structure of MkaMCM2, the PS1BH and H2 insertions
are located adjacent to the two b strands of the amino-terminal
domain, and these strands are equivalent to the b sheet
extension that engages the zinc ion (domain B). Although the
zinc-binding extension is deleted in the sequence of MkaMCM2,
the two strands at the base of domain B (b4 and b7) are present in
MkaMCM2 and are shown to form a continuous b sheet stretch
with the two strands of the H2 b-hairpin insertion (Figure 2B). It is
likely that the movement of PS1BH and H2-insert in response to
nucleotide hydrolysis and DNA binding will alter the position of
b4 and b7, resulting in the displacement of the amino-terminal
domain and providing a means of crosstalk between the
amino-terminal oligomerization domain and the catalytic AAA+
ATPase module.
The arrangement of an OB-fold domain flanking an AAA+
module in the MkaMCM2 structure is analogous to the architec-
ture of the Rho transcription termination factor (Skordalakes and
Berger, 2003, 2006) and monomeric RuvBL1, a eukaryotic
homolog of the bacterial RuvB helicase (Matias et al., 2006).
However, in these proteins, the relative orientations of the
OB-like fold domain and AAA+ module are distinct from that
found in MkaMCM2. Additionally, although the core regions of
the AAA+ domains are similar between these proteins, the over-
all topology of the AAA+ modules are different, and can clearly
be classified into distinct clades (Figure S6).
Low but statistically significant homology is also noted
between MkaMCM2 and members of the superfamily III viral
helicases, for which homology is restricted to the a/b core of
the ATPase domain. The MkaMCM2 structure can be aligned
with that of the bovine papillomavirus replicative helicase E1
(Enemark and Joshua-Tor, 2006) over 176 residues with an
rmsd of 4.5 A˚ (Z score = 6.1), and with the large T antigen
helicase of simian virus 40 (Gai et al., 2004) over 176 residues
with an rmsd of 4.6 A˚ (Z score = 6.6.). Despite the noted overall
similarity of the AAA+ core to other structures that contain this
module, the architecture of the MkaMCM2 (and by extension,
those of other MCMs) is unique and, as discussed below, these
distinctive features likely play significant roles in MCM function.
Monomeric Structure of MkaMCM2
In solution and in the crystal, the quaternary structure of full-
length MkaMCM2 is monomeric (Figure S2), in contrast to the
size exclusion chromatographic profiles that suggest hexameric
architectures for MCMs from S. solfataricus (Carpentieri et al.,
2002) and A. fulgidus (Grainge et al., 2003), and the double
hexamer structure observed in solution (Chong et al., 2000)
and in the crystal structure of the amino-terminal domain of M.
thermautotrophicus MCM (Fletcher et al., 2003). A comparison
between the amino-terminal domains of MkaMCM2 and
MthMCM provides insights into the basis for the monomeric
topology of MkaMCM2 (Figure S3). Within the MthMCM
amino-terminal domain, oligomerization is mediated by two
motifs: (1) participation of the b sheet extensions that engage
the zinc ion (domain B) in extensive intersubunit interactions,Structure 17, 211and (2) contacts between the b-hairpin that extends from the
OB fold (domain C) into the central presumptive DNA binding
channel with residues located on adjacent protomers. Biochem-
ical analyses of MthMCM with mutations in the zinc-binding
region (Poplawski et al., 2001), as well as deletion of domain B
(Kasiviswanathan et al., 2004) and of A. fulgidus MCM lacking
the 112 amino-terminal residues (Grainge et al., 2003), demon-
strate that the zinc-binding region is a requisite for interaction
with DNA but is likely dispensable for hexamerization and heli-
case activities. In contrast, removal of the atypical OB fold
(domain C) from MthMCM compromises both hexamer forma-
tion and helicase activity (Kasiviswanathan et al., 2004).
Each of these additional motifs observed in the MthMCM
hexamerization domain structure are conserved among most
other archaeal MCM as well as in each of the components of
the eukaryoticMCM2-7 complex (Figure 1). However, the b sheet
extension that engages the zinc ion (domain B) is deleted in
MkaMCM2. In addition, the OB fold (domain C) of MkaMCM2
ismissing the b-hairpin extension that is necessary for intersubu-
nit interactions. The combination of a deleted domain B and the
lack of the b-hairpin extension in the OB fold/domain C that
mediates hexamer formation likely compromises the ability of
full-length MkaMCM2 to form higher-order oligomers.
Sequence analysis of archaeal MCMs suggests that the AAA+
module is followed by a helix-turn-helix (HTH) motif at the
carboxy-terminus of the polypeptide, whereas the sequence
for MkaMCM2 ends with the AAA+ domain. Although carboxy-
terminal extensions of variable length are present in eukaryotic
MCMs, their sequence does not suggest the presence of an
apparent HTH motif. Although HTH motifs are typically associ-
ated with DNA binding, removal of this domain in S. solfataricus
MCM does not affect the DNA binding affinity of the protein but
affects the helicase activity, suggesting a regulatory role for this
extension (Barry et al., 2007).
A Cryo-Electron Microscopy Map Reveals Details
of the MCM Hexameric Assembly
In order to provide a framework for understanding the hexameric
structure of full-length MCM, we aligned the coordinates of six
monomers of MkaMCM2 onto a hexamer of the MthMCM
amino-terminal domain. At the interface between AAA+ domain
within the hexamer there is a small amount of steric clash
between the Walker A region of one monomer and the arginine
finger, as well as residues located in helix a-12. Despite this
clash and without any further manipulations, the active sites
AAA+ modules of the hexameric assembly are almost correctly
configured with those observed in crystal structures of other
oligomeric AAA+ modules (Gai et al., 2004; Erzberger et al.,
2006; Enemark and Joshua-Tor, 2006).
A cryo-EM single-particle reconstruction has been done for
the wt MthMCM protein treated with a 5600-base-pair segment
of double-stranded DNA (dsDNA), in the absence of symmetry
constraints, and shows a single MCM hexamer interacting with
dsDNA binding and encircling the bottom face of the N-terminal
domain (Costa et al., 2008). Because this MCM-dsDNA complex
is the first and only cryo-EM structure of an MCM complex, we
have utilized these data for our fitting because cryo-EM generally
provides a higher resolution and more accurate picture. Using
the cryo-EM data, a 3D reconstruction was generated from the–222, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 215
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refinement was performed to gain insight into the AAA+ subunit
interface within the MCM complex, and to assess the validity of
the hexameric model built using the crystal structure of the
MthMCM N-terminal domain as a reference. A 3D structure
was obtained, based on 10,000 particles at a resolution of 18 A˚
(Figure S4).
Details of the interaction of DNA with the MthMCM hexamer
are described elsewhere (Costa et al., 2008). The wrapping of
the dsDNA around the amino-terminal domain of MthMCM
causes a departure from the six-fold symmetry on this face of
the complex. Consequently, when six-fold symmetry is applied
to the reconstruction, the outer tier of the amino-terminal domain
of the ring is poorly defined. However, the AAA+ tier of the
MthMCM ring appears neatly defined (Figures 3A and 3B) and
the fitting of the hexameric MkaMCM2 AAA+ model allowed
a conclusive definition of the handedness for this electron-
density map. There is no electron density on top of the AAA+
tier to be assigned to the partially disordered C-terminal domains
(Costa et al., 2006a). The same effect was obtained in a previous
reconstruction of a single-hexameric MthMCM complex, based
on 2000 negative stain images (Pape et al., 2003).
As in most previous symmetry-imposedMthMCM reconstruc-
tions (Pape et al., 2003; Gomez-Llorente et al., 2005; Costa et al.,
2006a, 2006b), lateral holes are present at the interface between
the AAA+ and the N-terminal domain tier (Figure 3C), although
they are disrupted by an isthmus of electron density. Previous
EM work had shown that the holes are similarly disrupted
when the central channel is unoccupied, whereas they are large
and continuous when electron density is observed in the middle
of the AAA+ central channel (Pape et al., 2003; Gomez-Llorente
et al., 2005; Costa et al., 2006a, 2006b).
Fitting a hybrid model that includes the N-terminal domain of
MthMCM and the AAA+ domain of MkaMCM2 reveals that the
isthmus of electron density that disrupts the holes corresponds
to the PS1BH of the AAA+ domain interacting with the loop
between strands b7 and b8 in adjacent subunits of the MthMCM
N-terminal domain (residues 180–191 of MthMCM). This loop is
highly conserved throughout the MCM family, and a detailed
biochemical study highlights the critical role of this loop in
controlling the ATPase and helicase activity of MthMCM (Saka-
kibara et al., 2008). The hexameric hybrid model fitted into the
EM map provides a structural framework for these observations
and accounts for the presence of invariant residues in the loop.
The interaction provides the molecular basis for the crosstalk
between the N-terminal and AAA+ domains within MCM, which
has been suggested by a variety of biochemical and structural
studies and is compatible with an active role of the N-terminal
b-hairpins in DNA spooling (McGeoch et al., 2005; Jenkinson
and Chong, 2006; Costa et al., 2006b). Moreover, the structure
clearly shows that the interaction involves two next-neighboring
subunits, and therefore provides a functional communication
between adjacent MCM protomers within the ring (Figure 3).
The crystal structures of the SV40 large antigen (Gai et al.,
2004) and papillomavirus E1 (Enemark and Joshua-Tor, 2006)
show diverse configurations of the PS1BH loop, either pointing
laterally or toward the central channel, depending on the nucle-
otide-bound state of the protein and residues within this loop
that are required for helicase activity (Liu et al., 2007). In the216 Structure 17, 211–222, February 13, 2009 ª2009 Elsevier Ltd Alcase of our structure-based hexameric model, the N-terminal
loop appears to sequester the PS1BH loop and hold it in a lateral
configuration, packing against a neighboring subunit, therefore
restraining it from projecting toward the middle of the DNA
harboring channel. Steady-state tryptophan fluorescence
measurements suggested that the single MthMCM tryptophan
residue (Trp-363) moves from a more hydrophobic to a more
aqueous environment upon addition of nucleotides or DNA; the
changes in fluorescence are smaller for the Arg-98/Ala mutant.
(Jenkinson and Chong, 2006). Trp-363 is equivalent to Trp-289 in
MkaMCM2 and interacts in our hybrid model with MthMCMGln-
190, whereas Arg-98 makes a tight interaction with the invariant
Glu-181 in the MthMCM crystal structure, holding the correct
conformation of the b7-b8 loop. This is also consistent with the
modeling based on previous EM work, where the PS1BH and
H2 insertion elements were predicted to project into the central
channel in the presence of short DNA substrates, but were
modeled to pack against the neighboring subunit whenever the
central channel was empty (Costa et al., 2006a).
Active Site Elements
A structure-based analysis of the MkaMCM2 monomer reveals
that the topology of the active site is similar to that observed
for other functional AAA+ ATPase (Figures 4A and 4B). However,
MkaMCM2 is inactive for nucleotide hydrolysis, both in the pres-
ence or absence of substrate DNA (Figure S1). The inability of
MkaMCM2 to bind nucleotides can be rationalized by substitu-
tions of critical residues at both theWalker A andWalker Bmotifs
(Walker et al., 1982). Although MkaMCM2 contains the b strand/
loop/a helix typically found at the active site of other nucleotide
binding ATPases, within the Walker A motif the invariant lysine
residue that stabilizes the terminal phosphate of the bound
nucleotide is substituted with a cysteine (Cys-251). In addition,
the two invariant acidic residues located in the Walker B motif
are substituted with an Asp-307/His-308 pair in the MkaMCM2
sequence (Figure 1). The substitution of these invariant residues,
which have been shown to be critical for stabilizing bound nucle-
otide, at each of these two motifs in MkaMCM2 likely accounts
for the inability of this protein to bind nucleotides. Other exam-
ples of polypeptides that share structural similarity to nucleotide
binding proteins but are nonfunctional include the d0 subunit of
the bacterial clamp loader complex (Guenther et al., 1997), the
noncanonical nucleotide binding domain of the PcrA helicase
(Subramanya et al., 1996), and three of the inactive subunits of
the F1-ATPase (Abrahams et al., 1994).
For oligomeric AAA+ modules, intersubunit crosstalk is medi-
ated in part by an arginine finger that function in trans, and
couples nucleotide hydrolysis with the reorganization of the olig-
omeric assembly (Ogura et al., 2004). Within the model of the
MCM hexamer generated by superimposing the structure of
monomeric full-length MkaMCM2 onto the structure of the
amino-terminal MthMCM hexamer, the ATPase active site is
configured in an orientation consistent with those observed in
structures of oligomeric AAA+ domains. However, within the
active site, the invariant trans-acting arginine finger is substituted
with a histidine (His-370) (Figure 1). Given the smaller length and
lower pKa of the imidazole side chain, the substituted histidine
side chain is neither positioned correctly nor chemically compe-
tent to facilitate transition state stabilization, and this substitutionl rights reserved
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Crystal Structure of an MCM HomologFigure 3. Cryo-EM Density Map of the MCM Hexamer
(A and C) Surface rendering of the cryo-EM density map (displayed at 2s) viewed from the top and the side, respectively. The side view clearly shows the lateral
holes, which are disrupted by an isthmus of electron density.
(B and D) Fitting of the AAA+ domain from MkaMCM2 (red) and the N-terminal domain from MthMCM (green, Fletcher et al., 2003). The AAA+ domain of
MkaMCM2 matches well the dome-shaped electron density.
(E) A view showing the fitting of two hybrid monomers (including the N-terminal domain of MthMCM and the AAA+ domain of MkaMCM2). The N-terminal domain
of one subunit (highlighted in green) communicates with the AAA+ domain of the next-neighboring subunit (in red) through the interaction between the PS1BH of
the AAA+ domain (shown in yellow) and the b7-b8 loop of the N-terminal domain of an adjacent subunit (in orange) consistent with biochemical studies on
MthMCM (Sakakibara et al., 2008).
(F) A close up of the same interaction.at the canonical location of the arginine finger abolishes ATPase
activity. Mutation of the nonfunctional residues at both the
Walker motifs (Cys-251/Lys, His-308/Asp, and Gly-307/Structure 17, 211Lys) and at the site of the ‘‘arginine’’ finger (His-370/Arg) failed
to recover ATPase activity (Figure S1). Because the ATPase
activity for AAA+ modules is contingent on multiple subunits–222, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 217
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Crystal Structure of an MCM HomologFigure 4. Unique Trans-Acting Residues Characterize the MCM AAA+ Domain
(A) Model of the MCM hexamer derived as per Figure 3B showing the location of the composite active site formed between two AAA+ domains (colored in blue
and red).
(B) A close up view of the composite active site showing residues that have been demonstrated to be critical for ATP hydrolysis. The composite active site inMCM
has unique features that distinguish the AAA+ modules of these proteins from classical AAA+ ATPases such as DnaA.218 Structure 17, 211–222, February 13, 2009 ª2009 Elsevier Ltd All rights reserved
Structure
Crystal Structure of an MCM Homologinteracting to create a functional active site, the lack of hydrolytic
activity even in the active site triple variant of MkaMCM2 might
be a function of the inability of this protein to oligomerize
(Figure S2).
Trans-Acting Residues in MCM Oligomers
AAA+ modules of the pre-sensor II helix insertion clade, which
include the eukaryotic and archaeal MCMs and the BchI subunit
of the Mg2+ chelatase, are characterized by the insertion of an
additional a helix into the conserved ATPase core. This a-helical
insertion results in the reorganization of the module and the
displacement of the sensor II helix away from the active site,
toward the opposite side of the molecule. Modeling studies of
BchI monomers aligned to form a catalytically competent dimer
suggests that in this arrangement, the sensor II helix that is
situated within the ATPase active site is derived from a neigh-
boring subunit, as a trans-acting element (Erzberger and Berger,
2006). Cross-linking studies of site-directed mutants of
SsoMCM, in which cysteine residues were introduced into
each the Walker A and B motifs, sensor I and sensor II, demon-
strate that sensor II is positioned as a trans-acting element
(Moreau et al., 2007).
Our model of the MkaMCM2 hexamer, generated based on
the cryo-EM data, reconciles the roles of residues that have
been identified to act in trans for ATP hydrolysis and helicase
activity (Figure 4A,B) (Moreau et al., 2007; Sakakibara et al.,
2008). Within the hexamer, sensor II participates to the
composite active site as a trans-acting motif, in contrast to the
usual cis configuration observed in other AAA+ modules such
as the RFC complex (Bowman et al., 2004) and DnaA (Erzberger
et al., 2006) (Figures 4C and 4D). A highly conserved arginine
residue (Arg-450) is situated at the tip of the sensor II helix, where
it is poised to stabilize bound nucleotide. The position of this
critical arginine within sensor II is consistent with the short
distance (less than 10 A˚) predicted between the equivalent
residue and a neighboring subunit in cross-linking studies of
SsoMCM (Moreau et al., 2007). The trans-acting nature of sensor
II suggests a mechanism for relaying intersubunit interactions in
response to nucleotide binding and hydrolysis, analogous to the
roles that such trans sensors play in nucleotide hydrolysis by viral
superfamily III helicases (Enemark and Joshua-Tor, 2006)
(Figure 4E).
Mutational analysis of SsoMCM also identified a conserved
pair of glutamine residues (Gln-422 and Gln-423 in the SsoMCM
numbering scheme) that also act as trans-acting residues
(Moreau et al., 2007). Our structural data suggest that these
two residues are part of a three-residue motif located at the
base of the pre-sensor I b-hairpin. The third residue of this motif
is a highly conserved acidic residue (Asp-325 in MkaMCM2) that
precedes these two glutamine residues in nearly all MCMStructure 17, 211sequences. In our structure, this acidic residue is situated prox-
imal to the location of the arginine finger, and likely plays a role in
polarizing this arginine to facilitate its role in stabilizing the
incipient charge on the terminal phosphate during nucleotide
hydrolysis (Figure 4H). Analogous acidic residues are found adja-
cent to the arginine finger in crystal structures of the hexameric
helicases SV40 large antigen (Asp-502) (Li et al., 2003) and
papillomavirus E1 (Asp-497) (Enemark and Joshua-Tor, 2006).
Comparison of the ADP and ATP bound structures of the super-
family III helicases reveals that this acidic residue additionally
interacts with and repositions the trans-acting arginine finger
away from the neighboring active site upon hydrolysis of the
terminal phosphate, resulting in subunit reorganization (Gai
et al., 2004; Enemark and Joshua-Tor, 2006) (Figures 4F and
4G). Thus, this proximal acidic residue plays an important role
in the catalytic cycle by reorienting the arginine finger after nucle-
otide hydrolysis, resulting in reorganization of the hexameric
assembly.
Conclusions
Our structure of M. kandleri MCM2, and the corresponding
reconstruction of a hexameric assembly based on cryo-EM
data, provides a structural framework for understanding the
existent biochemical data on the eukaryotic and archaeal MCM
homologs. The structural relationship between the amino-
terminal domain and the carboxy-terminal catalytic domain
suggests that nucleotide hydrolysis at the AAA+ ATPase active
site can be propagated into movement of the amino-terminal
domain through interactions among a series of closely positioned
b-hairpin insertions. Modeling of the hexameric assembly based
on the cryo-EM map reveals a key interaction between
a conserved loop in the N-terminal domain of one subunit and
the PS1BH located in the AAA+ domain of an adjacent subunit
within the ring, providing an additional route for both intra- and
intersubunit communications, and the structure framework for
understanding both the high level of conservation of this loop
and its role in ATP hydrolysis and helicase activity (Sakakibara
et al., 2008). Our structural data identify that the sensor II helix
is poised to interact between neighboring subunits as a trans-
acting element, in agreement with biochemical studies of the
S. solfataricus MCM homolog (Moreau et al., 2007). We also
identify the functional contributions of additional trans-acting
residues, which suggest mechanistic similarities between MCM
proteins and viral superfamily III helicases in coupling ATP hydro-
lysis to translocation on DNA substrate. These trans-acting
residues serve to propagate modest, concerted changes in the
disposition of structural motifs, or even in the orientation of
a selected set of amino-acid residues, into long-range effects
that may result in the reorganization of the hexameric assembly
in response to DNA binding and nucleotide hydrolysis. Further(C) Within the active site of DnaA (Erzberger et al., 2006), the Walker A and B motifs, sensor I and sensor II helix, are situated in one molecule as cis-acting
elements, but the critical arginine finger is a trans-acting residue that is contributed from a neighboring subunit.
(D) In contrast, the sensor II helix in MCM functions in trans and is contributed by a neighboring subunit.
(E–H) This arrangement of trans-acting elements is similar to that found in viral superfamily III helicases, such as the papillomavirus E1 helicase (Enemark and
Joshua-Tor, 2006) (E). An additional trans-site has been identified by biochemical analysis of SsoMCM (Moreau et al., 2007) and consists of a motif containing
a highly conserved acidic residue at the base of PS1BH. Comparison of the structure of the SV40 large T antigen bound to (F) ATP and (G) ADP demonstrates that
this acidic residue orients the arginine finger in response to the nature of the nucleotide (Gai et al., 2004). Likewise, a similar, highly conserved acidic residue is
located as a trans-element in MCM (H) where it might similarly affect intersubunit association in response to nucleotide hydrolysis.–222, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 219
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individual motifs are necessary to address their contributions.
EXPERIMENTAL PROCEDURES
Protein Purification, Mutagenesis, and Measurement of ATPase
Activity
Details for protein purification and ATPase activity measurements can be
found in the Supplemental Experimental Procedures.
Crystallization and Structure Determination
Two dozen constructs of various homologs screened and only MkaMCM2
yielded crystals suitable for diffraction studies. Crystals were grown at room
temperature using the hanging drop vapor diffusion method (protein concentra-
tion of 15mg/ml) using polyethylene glycol 400 as a precipitant. Amercury deriv-
ativewaspreparedby treatingcrystalswith5mMethylmercurybromide for 24hr.
Flash-cooled crystals of MkaMCM2 diffract X-rays beyond a Bragg spacing
of 2.0 A˚ was done using an insertion device X-ray beam line (SER-CAT, Sector
22ID, Advanced Photon Source, Argonne, IL). These crystals belong to space
group P212121 with unit cell parameters a = 42.8 A˚, b = 95.4 A˚, and c = 125.4 A˚,
and contain one molecule in the crystallographic asymmetric unit. A nine-fold
redundant data set was collected at 100K to a limiting resolution of 1.9 A˚ (over-
all Rmerge = 7.2%, I/s(I) = 2.4 in the highest-resolution shell). For the heavy atom
derivative, a seven-fold redundant data set was collected at 100K to 3.0 A˚
Table 1. Data Collection, Phasing, and Refinement Statistics
Native Derivative (Mercury)
Data Collection
Space group P212121 P212121
Cell dimensions
a, b, c (A˚) 42.8, 95.4, 125.3 43.1, 95.3, 125.7
a, b, g () 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution (A˚) 50-1.9 (1.97-1.9)a 50-3.0
Rsym (%) 7.2 (71.8) 9.3 (31.2)
I/sI 33.5 (2.4) 22.3 (6.1)
Completeness (%) 99.9 (98.5) 98.2 (95.5)



















Bond lengths (A˚) 0.010
Bond angles () 1.23
aHighest-resolution shell is shown in parentheses.
b Figure of merit.
c Density modification.220 Structure 17, 211–222, February 13, 2009 ª2009 Elsevier Ltd Aresolution (overall Rmerge = 9.3%, I/s[I] = 6.1 in the highest-resolution shell).
All diffraction data were integrated and scaled using HKL2000 (Otwinowski
and Minor, 1997). Heavy atom refinement and phase calculation using SHARP
(DeLaFortelle and Bricogne, 1997) (phasing power = 0.65 [isomorphous]/
0.99[anomalous]) was followed by density modification using DM. Iterative
cycles of autobuilding using ARP/wARP (Perrakis et al., 1999) and manual
rebuilding of main chain and side chain atoms using XtalView (McRee, 1999)
were interspersed with model refinement using REFMAC5 (Murshudov et al.,
1997) until convergence. Ramachandran analysis shows that over 90% of
the protein main chain dihedral angles are in the most favored regions, and
the rest in generously allowed regions. Data collection, phasing, and refine-
ment statistics are summarized in Table 1.
Cryo-EM 3D Single Particle Reconstruction
Cryo-EM data collection was done on a MthMCM sample incubated with
5600 bp dsDNA. Sample preparation and cryo-EM data collection were
performed as described elsewhere (Costa et al., 2008). Multivariate statistical
symmetry analysis on end-on view oriented particles was performed to assess
for the presence of any rotational symmetry component (Dube et al., 1993).
Following the indication obtained from symmetry analysis, a C6 point-group
symmetry (corresponding to planar six-fold symmetry) was imposed
throughout the process of reconstruction. An initial six-fold symmetric
reference, generated from arbitrarily assigning angles to a putative top and
side views, was used for angular reconstitution of class averages obtained
by multivariate statistical analysis and hierarchical classification (van Heel
et al., 1996). A 3D reconstruction was obtained after various iterations of align-
ment and angular-reconstitution refinement, at a resolution of 18 A˚, estimated
by Fourier shell correlation, according to the 1/2 bit criterion (van Heel and
Schatz, 2005) multiplied by O6 to account for the C6 point group symmetry
imposition (van Heel et al., 1996) (Figure S3).
The atomic model of a planar ring-shaped MCM hexamer was obtained by
superposing the atomic coordinates of MkaMCM to the crystal structure of the
N-terminal domain of MthMCM (Fletcher et al., 2003, PDB entry 1LTL) using
the SSM program (Krissinel and Henrick, 2004). This resulted in a hexameric
hybrid model consisting of the MthMCM N-terminal ring and the MkaMCM
AAA+ ATPase module. The model was fitted automatically into the electron
density map using Chimera (Pettersen et al., 2004).
ACCESSION NUMBERS
Coordinates have been deposited with the Protein Data Bank under the acces-
sion code 3F8T.
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures and
six figures and can be found with this article online at http://www.cell.com/
structure/supplemental/S0969-2126(09)00023-9.
ACKNOWLEDGMENTS
We thank J. Chrzas and the staff at SER-CAT, and L. Keefe and the staff at
IMCA-CAT, for their support and assistance during data collection. B.B. is
supported, in part, by an NIH Cellular and Molecular Biology Training Grant
(T32 GM007283). This work was supported, in part, by grants from the
American Cancer Society (S.K.N.) and National Science Foundation Grant
MCB-023841 (I.K.C.).
Received: September 18, 2008
Revised: November 13, 2008
Accepted: November 13, 2008
Published: February 12, 2009
REFERENCES
Abrahams, J.P., Leslie, A.G., Lutter, R., and Walker, J.E. (1994). Structure at
2.8 A˚ resolution of F1-ATPase from bovine heart mitochondria. Nature 370,
621–628.ll rights reserved
Structure
Crystal Structure of an MCM HomologBarry, E.R., McGeoch, A.T., Kelman, Z., and Bell, S.D. (2007). Archaeal MCM
has separable processivity, substrate choice and helicase domains. Nucleic
Acids Res. 35, 988–998.
Bell, S.P., and Dutta, A. (2002). DNA replication in eukaryotic cells. Annu. Rev.
Biochem. 71, 333–374.
Bowers, J.L., Randell, J.C., Chen, S., and Bell, S.P. (2004). ATP hydrolysis by
ORC catalyzes reiterative Mcm2-7 assembly at a defined origin of replication.
Mol. Cell 16, 967–978.
Bowman, G.D., O’Donnell, M., and Kuriyan, J. (2004). Structural analysis of
a eukaryotic sliding DNA clamp-clamp loader complex. Nature 429, 724–730.
Carpentieri, F., De Felice, M., De Falco, M., Rossi, M., and Pisani, F.M. (2002).
Physical and functional interaction between the mini-chromosome mainte-
nance-like DNA helicase and the single-stranded DNA binding protein from
the crenarchaeon Sulfolobus solfataricus. J. Biol. Chem. 277, 12118–12127.
Chong, J.P.J., Hayashi, M.K., Simon, M.N., Xu, R.M., and Stillman, B. (2000).
A double-hexamer archaeal minichromosomemaintenance protein is an ATP-
dependent DNA helicase. Proc. Natl. Acad. Sci. USA 97, 1530–1535.
Costa, A., Pape, T., van Heel, M., Brick, P., Patwardhan, A., and Onesti, S.
(2006a). Structural basis of the Methanothermobacter thermautotrophicus
MCM helicase activity. Nucleic Acids Res. 34, 5829–5838.
Costa, A., Pape, T., van Heel, M., Brick, P., Patwardhan, A., and Onesti, S.
(2006b). Structural studies of the archaeal MCMcomplex in different functional
states. J. Struct. Biol. 156, 210–219.
Costa, A., van Duinen, G., Medagli, B., Chong, J., Sakakibara, N., Kelman, Z.,
Nair, S.K., Patwardhan, A., and Onesti, S. (2008). Cryo-electron microscopy
reveals a novel DNA-binding site on the MCM helicase. EMBO J. 27,
2250–2258.
Davey, M.J., Indiani, C., and O’Donnell, M. (2003). Reconstitution of the
Mcm2-7p heterohexamer, subunit arrangement, and ATP site architecture.
J. Biol. Chem. 278, 4491–4499.
DeLaFortelle, E., and Bricogne, G. (1997). Maximum-likelihood heavy-atom
parameter refinement for multiple isomorphous replacement and multiwave-
length anomalous diffraction methods. Methods Enzymol. 276, 472–499.
Dube, P., Tavares, P., Lurz, R., and van Heel, M. (1993). The portal protein of
bacteriophage SPP1: a DNA pump with 13-fold symmetry. EMBO J. 12,
1303–1309.
Enemark, E.J., and Joshua-Tor, L. (2006). Mechanism of DNA translocation in
a replicative hexameric helicase. Nature 442, 270–275.
Enemark, E.J., and Joshua-Tor, L. (2008). On helicases and other motor
proteins. Curr. Opin. Struct. Biol. 18, 243–257.
Erzberger, J.P., and Berger, J.M. (2006). Evolutionary relationships in struc-
tural mechanisms of AAA+ proteins. Annu. Rev. Biophys. Biomol. Struct. 35,
93–114.
Erzberger, J.P., Mott, M.L., and Berger, J.M. (2006). Structural basis for ATP-
dependent DnaA assembly and replication-origin remodeling. Nat. Struct. Mol.
Biol. 13, 676–683.
Fletcher, R.J., Bishop, B.E., Leon, R.P., Sclafani, R.A., Ogata, C.M., and Chen,
X.S. (2003). The structure and function of MCM from archaealM. thermoauto-
trophicum. Nat. Struct. Biol. 10, 160–167.
Fodje, M.N., Hansson, A., Hansson, M., Olsen, J.G., Gough, S., Willows, R.D.,
and Al-Karadaghi, S. (2001). Interplay between an AAAmodule and an integrin
I domain may regulate the function of magnesium chelatase. J. Mol. Biol. 311,
111–122.
Gai, D., Zhao, R., Li, D.W., Finkielstein, C.V., and Chen, X.S. (2004). Mecha-
nisms of conformational changes for a replicative hexameric helicase of
SV40 large tumor antigen. Cell 119, 47–60.
Gomez-Llorente, Y., Fletcher, R.J., Chen, X.S., Carazo, J.M., and San Martin,
C. (2005). Polymorphism and double hexamer structure in the archaeal mini-
chromosome maintenance (MCM) helicase from Methanobacterium ther-
moautotrophicum. J. Biol. Chem. 280, 40909–40915.
Grainge, I., Scaife, S., and Wigley, D.B. (2003). Biochemical analysis of
components of the pre-replication complex of Archaeoglobus fulgidus.
Nucleic Acids Res. 31, 4888–4898.Structure 17, 211Guenther, B., Onrust, R., Sali, A., O’Donnell, M., and Kuriyan, J. (1997). Crystal
structure of the delta’ subunit of the clamp-loader complex of E. coli DNA poly-
merase III. Cell 91, 335–345.
Hansson, A., Willows, R.D., Roberts, T.H., and Hansson, M. (2002). Three
semidominant barley mutants with single amino acid substitutions in the small-
est magnesium chelatase subunit form defective AAA+ hexamers. Proc. Natl.
Acad. Sci. USA 99, 13944–13949.
Haugland, G.T., Shin, J.H., Birkeland, N.K., and Kelman, Z. (2006). Stimulation
of MCMhelicase activity by aCdc6 protein in the archeon Thermoplasma acid-
ophilum. Nucleic Acids Res. 34, 6337–6344.
Holm, L., and Sander, C. (1993). Protein structure comparison by alignment of
distance matrices. J. Mol. Biol. 233, 123–138.
Iyer, L.M., Leipe, D.D., Koonin, E.V., and Aravind, L. (2004). Evolutionary
history and higher order classification of AAA+ ATPases. J. Struct. Biol. 146,
11–31.
Jenkinson, E.R., and Chong, J.P. (2006). Minichromosome maintenance
helicase activity is controlled by N- and C-terminal motifs and requires the
ATPase domain helix-2 insert. Proc. Natl. Acad. Sci. USA 103, 7613–7618.
Kasiviswanathan, R., Shin, J.H., Melamud, E., and Kelman, Z. (2004).
Biochemical characterization of the Methanothermobacter thermautotrophi-
cus minichromosome maintenance (MCM) helicase N-terminal domains.
J. Biol. Chem. 279, 28358–28366.
Kelman, Z., and White, M.F. (2005). Archaeal DNA replication and repair. Curr.
Opin. Microbiol. 8, 669–676.
Kelman, Z., Lee, J.K., and Hurwitz, J. (1999). The single minichromosome
maintenance protein of Methanobacterium thermautotrophicum Delta H
contains DNA helicase activity. Proc. Natl. Acad. Sci. USA 96, 14783–14788.
Krissinel, E., and Henrick, K. (2004). Secondary-structure matching (SSM),
a new tool for fast protein structure alignment in three dimensions. Acta Crys-
tallogr. D Biol. Crystallogr. 60, 2256–2268.
Li, D., Zhao, R., Lilyestrom, W., Gai, D., Zhang, R., DeCaprio, J.A., Fanning, E.,
Joachimiak, A., Szakonyi, G., and Chen, X.S. (2003). Structure of the replica-
tive helicase of the oncoprotein SV40 large tumor antigen. Nature 423,
512–518.
Liu, X., Schuck, S., and Stenlund, A. (2007). Adjacent residues in the E1 initiator
define different roles of the b-hairpin in ori meltion, helicase loading, and
helicase activity. Mol. Cell 25, 825–837.
Liu, W., Pucci, B., Rossi, M., Pisani, F., and Ladenstein, R. (2008). Structural
analysis of the Sulfolobus solfataricus MCM protein N-terminal domain.
Nucleic Acids Res. 36, 3235–3243.
Matias, P.M., Gorynia, S., Donner, P., and Carrondo, A. (2006). Crystal struc-
ture of the human AAA+ protein RuvBL1. J. Biol. Chem. 281, 38918–38929.
McGeoch, A.T., Trakselis, M.A., Laskey, R.A., and Bell, S.D. (2005). Organiza-
tion of the archaeal MCMcomplex on DNA and implications for helicasemech-
anism. Nat. Struct. Mol. Biol. 12, 756–762.
McRee, D.E. (1999). XtalView/Xfit-A versatile program for manipulating atomic
coordinates and electron density. J. Struct. Biol. 125, 156–165.
Moreau, M.J., McGeoch, A.T., Lowe, A.R., Itzhaki, L.S., and Bell, S.D. (2007).
ATPase site architecture and helicase mechanism of an archaeal MCM. Mol.
Cell 28, 304–314.
Murshudov, G.N., Vagin, A.A., and Dodson, E.J. (1997). Refinement of macro-
molecular structures by the maximum-likelihood method. Acta Crystallogr.
D Biol. Crystallogr. 53, 240–255.
Murzin, A.G. (1993). OB(oligonucleotide/oligosaccharide binding)-fold:
common structural and functional solution for non-homologous sequences.
EMBO J. 12, 861–867.
Ogura, T., Whiteheart, S.W., and Wilkinson, A.J. (2004). Conserved arginine
residues implicated in ATP hydrolysis, nucleotide sensing, and inter-subunit
interactions in AAA and AAA(+) ATPases. J. Struct. Biol. 146, 106–112.
Otwinowski, Z., and Minor, W. (1997). Processing of X-ray diffraction data
collected in the oscillation mode. Methods Enzymol. 276, 307–326.–222, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 221
Structure
Crystal Structure of an MCM HomologPape, T., Meka, H., Chen, S., Vicentini, G., van Heel, M., and Onesti, S. (2003).
Hexameric ring structure of the full-length archaeal MCM protein complex.
EMBO Rep. 4, 1079–1083.
Perrakis, A., Morris, R., and Lamzin, V.S. (1999). Automated protein model
rebuilding combined with iterative structure refinement. Nat. Struct. Biol. 6,
458–463.
Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M.,
Meng, E.C., and Ferrin, T.E. (2004). UCSF Chimera—a visualization system
for exploratory research and analysis. J. Comput. Chem. 25, 1605–1612.
Poplawski, A., Grabowski, B., Long, S.E., and Kelman, Z. (2001). The zinc
finger domain of the archaeal minichromosome maintenance protein is
required for helicase activity. J. Biol. Chem. 276, 49371–49377.
Pucci, B., DeFelice, M., Rocco, M., Esposito, F., DeFalco, M., Esposito, L.,
Rossi, M., and Pisani, F.M. (2007). Modular organization of the Sulfolobus sol-
fataricus mini-chromosome maintenance protein. J. Biol. Chem. 282, 12574–
12582.
Sakakibara, N., Kasiviswanathan, R., Melamud, E., Han, M., Schward, F.P.,
and Kelman, Z. (2008). Coupling of DNA binding and helicase activity is medi-
ated by a conserved loop in the MCM protein. Nucleic Acids Res. 36, 1309–
1320.222 Structure 17, 211–222, February 13, 2009 ª2009 Elsevier Ltd ASallai, L., and Tucker, P.A. (2005). Crystal structure of the central and C-
terminal domain of the sigma(54)-activator ZraR. J. Struct. Biol. 151, 160–170.
Skordalakes, E., andBerger, J. (2003). Structure of the Rho transcription termi-
nator: mechanism of mRNA recognition and helicase loading. Cell 114,
135–146.
Skordalakes, E., and Berger, J. (2006). Structural insights into RNA-dependent
ring closure and ATPase activation by the Rho termination factor. Cell 127,
553–564.
Subramanya, H.S., Bird, L.E., Brannigan, J.A., andWigley, D.B. (1996). Crystal
structure of a DExx box DNA helicase. Nature 384, 379–383.
Tye,B.K. (1999).MCMproteins inDNAreplication.Ann.Rev.Biochem.68, 649–686.
van Heel, M., and Schatz, M. (2005). Fourier shell correctional threshold
criteria. J. Struct. Biol. 151, 250–262.
van Heel, M., Harauz, G., Orlova, E.V., Schmidt, R., and Schatz, M. (1996).
A new generation of the IMAGIC image processing system. J. Struct. Biol.
116, 17–24.
Walker, J.E., Saraste, M., Runswick, M.J., and Gay, N.J. (1982). Distantly
related sequences in the a- and b-subunits of ATP synthase, myosin, kinases,
and other ATP-requiring enzymes and a common nucleotide binding fold.
EMBO J. 1, 945–951.ll rights reserved
